Different levels of sugar replacers (inulin or Stevianna) are used in two muffin batter recipes differing in sugar:flour ratios. The properties of these sugar replacers are linked to differences in batter viscosity, starch gelatinization, and in vitro predictive glycemic response of batters. The replacement of sugar with Stevianna has no significant effect on the viscosity of the batter or the starch gelatinization. Replacement of 50% or more of the sugar with inulin increased batter viscosity. The starch gelatinization properties were altered with the incorporation of inulin. Batters incorporating Stevianna and cocoa powder has significantly different viscosity compared to the batters incorporating Stevianna without cocoa powder. In vitro starch hydrolysis of the batters illustrate that the inclusion of inulin or Stevianna significantly reduce the rate and extent of carbohydrate hydrolysis doing digestion.
Introduction
Muffin batters are complex fat-in-water emulsion systems containing flour, starch, sugar, fat, eggs, and baking powder. The biochemical and physicochemical reactions which occur during baking are complex and involve water evaporation, protein denaturation, starch destruction, browning and Maillard reactions, dough expansion by production, and thermal expansion of gas during batter processing. [1] Starch gelatinization plays an important role in baked foods with swelling and pasting influencing product structure. Differential scanning calorimetry (DSC) is a powerful tool for changing of starch gelatinizes in thermal properties being heated or cooled at a constant rate. The batter viscosity is investigated with a rapid visco analyzer (RVA) and related to the quality of baked products. The batter needs to be sufficiently viscous to trap gas bubbles during mechanical mixing and during heating. [2] Another fundamental requirement for baked products is that most of the swollen starch granules retain a recognizable granular shape, and be strong enough to be self-supporting when the baked product is removed from the oven. [3] Sugars function as main ingredients in muffin. It can increase the temperature at which starch gelatinizes by interacting with the starch and forming bridges between starch chains. Psimouli and Oreopoulou [4] reported that sugar limits the available water, thereby lowering water activity. Starch gelatinization increases the viscosity of the batter considerably, which strengthens the batter structure leading to the depression of bubbles. [5] Therefore, more air bubble development may occur when starch gelatinization occurs at higher temperatures thus allowing the development of a porous structure in the final product. [4] However, high sugar levels are associated with increased health problems including obesity and chronic disease. Therefore, ingredients which can lead to calorie reduction such as sugar replacers can be considered as instrumental in weight control strategies. Stevianna (product code ST001 SE supplied by Stevianna NZ) was used for our study, as it incorporates rebaudioside A (98% steviol glycoside; 1%) with erythritol (99%). Rebaudioside A is extracted from stevia, has broad health-promoting properties for blood glucose and insulin levels. [6] Erythritol is a sugar alcohol which is absorbed very slowly and provides reduced calorie sweetening. [7] Inulin is a dietary fibre [8] and has prebiotic properties, hence it is a nutraceutical ingredient that is extensively used in the food products. [9] Inulin is a carbohydrate of the fructan family with β (2-1) linked fructose residues and a terminal glucose residue. [10] Short-chain inulin, can be used as a sugar substitute in bakery products [11] and is useful in the treatment of obesity and diabetes. [12] Several researchers have reported about the importance of the formulation and processing parameters on the functional properties of sugar substitutes. Partial replacement of sucrose with erythritol in a baked product resulted in positive influence on physical quality characteristics. [13] [14] [15] Manisha et al. [16] conducted research using a mixture of stevioside and liquid sorbitol in reduced sugar cakes and obtained effects on the rheological, microstructural, and quality characteristics of the modified cakes.
Inulin is typical sucrose or fat replacers in baked goods and their properties have been studied along with other fibre components, by many researchers. [17] [18] [19] [20] The rheological properties and the sensory quality of a product will not be affected strongly due to the neutral or slightly sweet taste and the limited effect on viscosity of this ingredient.
Apart from above sugar replacers functional role in lowcalorie baked products, they have also been used in the bakery products for the control over blood glucose and for the control of body weight or energy balance. [21] [22] [23] Furthermore, previous work has found that the predicted glycaemic response was reduced when sugar was replaced with inulin or Stevianna in muffins compared to full-sugar samples. [24] The aim of this study was to explore whether inulin and Stevianna could replace sugar in muffin batter and whether the RVA could be a tool for evaluating muffin chemical properties in relation to our previous paper. [25] Sugar was replaced by different levels of each substitute in two kinds of muffin recipe. The effect of sugar replacers on starch gelatinization and batter viscosity during baking were separately studied through DSC and RVA assays, as well as in vitro starch digestibility of the batter was investigated.
Experimental Section

Raw Materials
The standard formulation was Wheat flour (Medal Premium baker flour, Champion, Auckland, New Zealand), white sugar (Chelsea, Auckland, New Zealand), baking powder (Edmonds, Auckland, New Zealand), iodized table salt (Cerebos, Auckland, New Zealand), skim milk powder (Pams, Auckland, New Zealand), canola oil (Pams, Auckland, New Zealand), and fresh whole egg (obtained from the local New World supermarket, Food Stuffs, Christchurch, New Zealand). Inulin Frutafit IQ, an inulin with DP 5-7 and sweetness of 10% compared to 100% sucrose (Sensus, Amsterdam, the Netherlands). Stevianna (product code ST001_SE; Stevianna, Auckland, New Zealand), Stevianna utilizes organic Reb-A 98% stevia as the main sugar substitute along with erythritol as bulking agent. Cocoa powder (Cadbury, Dunedin, New Zealand) and vanilla (Hansells, Auckland, Australia) were used in Recipe 2.
Preparation of Muffin Batter
Two muffin batter recipes were utilized as described in previous research by Gao et al. [24, 25] Recipe 1 [25] muffin batter contained 69.2 g sugar, 8.7 g skim milk powder, 5.8 g baking powder, 1.4 g salt, 34.6 g liquid whole egg, 57.6 g oil, 57.6g water, and 115.3 g wheat flour. Addition of Stevianna or inulin was a used to replace sugar at 25%, 50%, 75% and 100%. All liquid ingredients were mixed for 60 s (10 s at speed 4; 50 s at speed 8). Then, all the dry ingredients were added and mixed with the mixer for another 120 s (10 s at speed 2; 110 s at speed 8).
The ingredients used in the preparation of the Recipe 2 paper [24] muffin batter were 138.4 g wheat flour, 92.2 g sugar, 8.7 g skim milk powder, 6.5 g baking powder, 1.4 g salt, and 34.6 g liquid whole egg, 77.6 g oil and 97.6 g water. Stevianna was used as a sugar replacer at 50% and 100%. Additional batters were made by adding 23.1 g cocoa powder or 3 g vanilla to recipe 2 muffin batter. Liquid ingredients were mixed for 60 s (10 s at speed 4; 50 s at speed 8). Then, dry ingredients were added into the premixed liquid and mixed for 10 s at speed 2 then 170 s at speed 8.
Pasting Properties of Batter
A RVA (Super 4; Newport Scientific, Warriwold, Australia) was used to determine the viscosity properties of the muffins batter by a personal computer running ThermoCline for Windows v3 (TCW3) software. The RVA studies were carried out using 20 g of batter sample in an aluminium canister. The temperature profile started with a holding step at 25 C for 5 min, followed by a linear temperature increase from 25 to 95 C at 2 C min À1 and a holding step of 25 min at 95 C. The paddle speed was 75 rpm (rotations per min). The TCW3 software continuously recorded the viscosity and calculated the peak viscosity and final viscosity.
Differential Scanning Calorimetry
DSC was performed using a DSC 8000 (PerkinElmer, Waltham, USA) to investigate the thermal parameters of muffin batter and to evaluate the changes in starch at the molecular level during baking. Batter (3 mg) was mixed with distilled water, to a total weight of 10 mg, in a gold DSC pan and then left to equilibrate for 2 h prior to the testing. The samples were heated from 0 to 110 C at 10 C min
À1
, together with an empty reference pan, and indium was used for calibration. The thermal parameters associated with the gelatinization process, onset temperature (T onset ), peak temperature (T peak ), end temperature (T endset ), and the change of enthalpy (ΔH), were measured by heating the crystalline material at 10 C min À1 rate to a temperature.
In vitro Predictive Glycaemic Response Digestion Analysis
In vitro digestion was conducted on all of the RVA gels to determine the predictive glycaemic response in the "cooked" muffin mixture.
The procedure for measuring the breakdown of carbohydrates to sugars follows that reported by. [25] A 3.5 g sample of "RVA cooked" mix was used to determine the predictive glycaemic response. The procedure used pancreatin to digest the food and the amount of reducing sugars released (RSR) over a 120 min digestion process was determined. Samples were incubated at 37 C with constant stirring, triplicate 1 mL aliquots were withdrawn at 0, 20, 60, 120 min and added to 4 mL absolute ethanol. [26] Reducing sugar content was analyzed by www.advancedsciencenews.com www.starch-journal.com dinitrosalicyclic (DNS) colorimetry, and area under the curve (AUC) was calculated by dividing the graph into trapezoids as described elsewhere.
[27]
Statistical Analysis
Each analysis was conducted in triplicate. Analysis of variance (one-way ANOVA) was performed on the data, and Tukey's comparison test (p < 0.05) was used to determine the significance. These analyses were performed using Minitab (Minitab Pty Ltd, Sydney, Australia).
Results and Discussion
Pasting Properties of the Batter
Pasting properties of muffin batter were measured using an RVA which measures changes in viscosity during heating from 25 to 95 C. Table 1 shows peak and final viscosity for muffin batters. There were no significant differences between the control and samples containing Stevianna for either peak viscosity or final viscosity for recipe 1. In this regard, the Stevianna was successful in mimicking the effect of sucrose on the viscosity properties of batter during heating. The sucrose-induced delay in starch gelatinization has been demonstrated to be a result of antiplasticization by sugar-water co-solvents as compared to water alone. [16] Struck et al. [28] reported that intermolecular interactions of sucrose with starch chains in the amorphous regions of the starch granule led to the stabilization of those regions. Therefore, Stevianna appears to have simulated the effect of sucrose as the viscosity values were similar to the control sample. This indicates delayed starch gelatinization and thermosetting thus time was allowed for appropriate air and vapor expansion during baking.
The peak and final viscosity of batter containing inulin increased significantly compared to the control apart from 25% replacement, and each increased level of replacement had significantly higher viscosity. Batter viscosity increase might be attributed to the high water-holding capacity of the fibre and a tendency to form a networked gel structure. [22] Inulin is highly hydrophilic resulting in a decrease in water availability swelling starch granules, thus reducing the formation of structural hydrocolloids in the batter. [11] A similar relationship was www.advancedsciencenews.com www.starch-journal.com reported by Zahn et al., [29] batter flowability increased with an increasing amount of inulin as a fat replacement. Batter flowability is significantly related to the volume of the final product, as Frutafit IQ inulin is a prefabricated gel, the reduction of bakery product volume was attributed to excessive batter consistency limiting the batter expansion in the fat-free product recipe Zahn et al. [29] The highest viscosity was observed with inulin replacing 100% of sugar as the presence of inulin inhibited the hydration of the starch granules by bonding to the available water and thus also reduced aeration of the cake batter. [30] Inulin is capable of forming entangled networks with other food components when mixed with water and forming a highly viscous polymer. Final viscosity is related to the formation of viscoelastic gel. The 25% inulin replacement of sugar did not cause a significant increase of viscosity during heating in comparison to control sample, which was probably due to its low amount of substitution. This result agrees with Gularte et al. [22] who reported the batter viscosity displayed no significant differences when added 20% inulin in layer cake.
Four batters were made without Stevianna using Recipe 2, (original, with vanilla, with cocoa powder, and with cocoa powder and vanilla) replacement of sugar with Stevianna at 50% or 100% in each of these batters resulted in a significant reduction in peak viscosity. Although it is noted that the two batters that included cocoa powder always had a significantly higher peak viscosity that the comparative batters without cocoa powder. The final viscosity of the four batters was significantly reduced when sucrose was replaced with 100% Stevianna. The final viscosity of batters without cocoa powder were also significantly reduced when sucrose was replaced with 50% Stevianna. This indicates that Stevianna had an effect on the viscosity of Recipe 2 whereas it did not in Recipe 1 when compared to control samples (Recipe 1). This difference could be attributed to the interactions between the recipe components and the ratio of the batter constituents of flour, sugar, egg, water, and oil. Manisha et al. [16] reported that decreased batter stability, of sugar-free cake, during heating led to a decrease in expansion. It was found that the inclusion of sorbitol and stevioside affected the viscosity of the starch, as they interrupted the usual starch protein interactions that occur during gelatinization which then caused changes in the thermosetting mechanism Batter viscosity during baking affects the retention of air and leavening gases. [31] The peak viscosity increased significantly with the addition of cocoa powder (Table 1) . Do et al. [32] found a higher apparent viscosity when chocolate was formulated with standard cocoa power. The cocoa particles swelled and led to a perception of coarse texture in water-based applications. [33] Martínez-Cervera et al. [34] reported that using cocoa as a fat replacer in muffins profoundly modified the batter viscosity, possibly due to cocoa powder interfering with leavening agents, affecting the capacity of the batter to retain air bubbles during beating and heating. [33] 
Effect of Starch Gelatinization on Batter
The DSC results are shown in Table 2 , these results are similar to that expected when considering from values of batter viscosity during baking (Table 1 ).
All batters with Stevianna replacement, both recipe 1 and 2 showed no significant differences to the control in any of the measured parameters (T onset , T peak , T endset ). The enthalpy of gelatinization (ΔH) was not observed to be significantly different between samples. Martínez-Cervera et al. [35] suggested polyols such as sorbitol, maltitol, and erythritol, as total sucrose replacers in muffins, due to the starch gelatinization temperature being very similar when using sucrose or polyols. Use of the polyols, sorbitol and lactitol, as sugar substitutes in cake batter was found to have no significant influence on the gelatinization enthalpies by Psimouli and Oreopoulou. [4] The addition of cocoa powder and vanilla had no significant effect on T onset , T peak , T endset , or the enthalpy of gelatinization (ΔH) compared to the control. Although the RVA analysis of the gelatinizing batter properties illustrated that there were significant differences between control sample and those including cocoa powder (Table 1) , this observation was not clear in the DSC measurement (Table 2 ). Such as a result illustrates that the DSC and RVA protocols examine different physiological properties of starch based systems and are therefore not directly comparable.
Replacing 100% sugar with inulin, significantly increased T onset , T peak , and T endset , it was the only sample to show significant difference to the control at the measured parameters (T onset , T peak , T endset ). However, replacement of 75% and 100% sugar with inulin showed a significant reduction in the enthalpy of gelatinization (ΔH). Replacing the sugar with inulin caused the crystalline regions of starch to become more stable leading to higher T onset , T peak , and T endset values. These results are consistent with research that shows the inclusion of inulin leads to an increase in gelatinization temperature in gluten-free dough. [36] This may be because thermal transition temperatures are higher after inulin incorporation, as it forms a gel structure. Another factor could be concerned with inulin decreasing the water activity and hence limit starch swelling and gelatinization events. [8] Psimouli and Oreopoulou [37] have reported that the presence of inulin profoundly modified starch gelatinization in cake batter, due to its ability to bind water and act as a stabilizer of the amorphous region in the starch granule. Aravind et al., [38] also observed that inulin in starch-water systems raised starch gelatinization temperature. The reduction in the enthalpy of gelatinization (ΔH) is likely to be related directly to the concentration of inulin within the system. Tudoric a et al. [8] indicated that the enthalpy of a system is an indicator of the amount of starch gelatinization within a starch base and should be related to the gelatinization temperature of the starch within the system. This can be explained by pockets of higher fibre concentrations where cross-linked gums form resulting in less encapsulation of individual starch granules. [8] 
In vitro Predictive Glycaemic Response for Batter
For recipe 1 the amount of reducing sugar present at time zero was significantly lower in all samples containing Stevianna and inulin when compared with full sugar samples this would be expected due to there being less sugar in the recipe. The amount of RSR at 20 min was reduced with the replacement of sugar with 50%, 75%, and 100% inulin or Stevianna (Figure 1) . A similar www.advancedsciencenews.com www.starch-journal.com 
www.advancedsciencenews.com www.starch-journal.com pattern was observed at 60 and 120 min, the reducing sugar release in samples with of more than 50% sugar replacer samples were significantly lower than control. There was a significant decrease in AUC values when inulin or Stevianna levels were used to replace sugar at 50%, 75%, or 100%. These results are consistent with data obtained in previous research, [25] indicating the inclusion of Stevianna or inulin in baked muffins can significantly reduce the predicted glycaemic response. The reduction in glycaemic response level in inulin replaced muffin products has been thought to be related to the added viscosity that inulin provides during digestion, resulting in the entrapment of starch granules within a viscous fibrestarch network. For instance, Brennan et al. [39] illustrated a similar occurrence in fibre enriched breakfast cereals, where the postprandial glucose impact of these foods compared was reduced compared with non-fibre cereal products. In addition, Foschia et al. [40] found that starch gelatinization properties has effect on starch digestion and reducing sugar release. In this study, low level inulin sample (<50%) did not cause significantly viscosity differences. However, the gelatinization temperatures of inulin sample indicate that the inulin had a protective effect on the starch granules. Bae et al. [30] also found that the addition of inulin to cake, restricted starch hydrolysis, hence lowering reducing sugar release under in vitro conditions. Tudoric a et al. [8] observed a similar result in pasta, it was found that inulin becomes incorporated into the structure of pasta, resulting in a significantly reduced value of glucose release with the inclusion of inulin.
Recipe 2 ( Figure 2 ) which only used Stevianna to replace sugar showed similar results to the Stevianna replacement in Recipe 1 (Figure 1) . Stevianna concentration had a significant effect on the AUC values (p < 0.05). However, the mechanism of action may be different to that of inulin as Stevianna is composed of rebaudioside A, for sweetness, and erythritol, as a filler, thus it has virtually no calorific value and probably does not interact with starch and water in the same was as inulin does, as noted by the viscosity results.
Other work has been carried out using stevia in ice cream and beverages that have shown a reduced postprandial glucose response when compared with a control. [41] Stevia contains no glucose thus, stevia does not contribute to the available carbohydrate and glycaemic responses in food products thereby giving it very different functional properties to sucrose. Carakostas et al. [42] studies provide further evidence that purified rebaudioside A has no effect on either blood pressure or glucose homeostasis for use in food and beverages.
The main component of Stevianna is erythritol. When erythitol has been used by other researchers as a sucrose replacement they have found that postprandial glucose and insulin levels were reduced. [23] These results are due to the lack calorie and carbohydrate content of erythritol, thus there are no raising postprandial glycemic and insulin levels by oral ingestion in healthy human subjects. [14] Batters with Stevianna that include cocoa powder and/or vanilla in Recipe 2, also appeared relatively lower RSR and AUC values ( Figure 2 and Table 1 ) than the control batter, but no significant difference of Stevianna samples without cocoa powder and/or vanilla was observed. These results are consistent with previous report (unpublished) findings which showed the additions of vanilla and/or cocoa powder with baked muffin production did not lead to significant reduction of in vitro digestion values compared to the 50% and 100% Stevianna samples. However, the full-sucrose batter samples containing cocoa powder had significantly lower AUC values than the control (Table 1) . This inconsistency may be since cocoa powder contains fibre components, which may interact with the starch and therefore reduce the potential glycaemic impacts.
In summary, the results of batter samples with sugar replacer are consistent with data obtained from baked muffin products (same recipe) by in vitro starch digestion, indicating that the www.advancedsciencenews.com www.starch-journal.com baking process did not have an impact on the predictive glycaemic response. There are two main sugar replacers that could be critical in reducing the glycaemic response of muffin batter. The first one is that the inulin formed a matrix to encase starch granules, resulting in the limitation of starch swelling and gelatinization events and, consequently, the reduced potential for starch degradation and sugar liberation. [8] The second event could be the Stevianna evaluated the lost calories value that provides no energy to the body and thus is not systemically metabolized nor fermented in the colon. [42] Furthermore, stevioside has been reported by Manisha [16] as having good stability under normal conditions of application, and no interaction between the individual low calorie sweeteners.
Conclusions
This study on muffin batters show that the results of pasting properties, starch gelatinization, and potential nutritional quality are intrinsically linked to the ability of different levels of sugar substitutes into batter systems.
The positive effect of Stevianna on Recipe 1 batter properties is associated with the fact that Stevianna, like sucrose, did not differ significantly from the full-sugar batter in viscosity during heating. However, the inclusion of Stevianna with/without cocoa powder in Recipe 2 batter products showed different effects on the pasting properties, suggesting interactions between ingredients which were not present in Recipe 1. At the same time, the sugar replacement with inulin led to Recipe 1 batters with increased viscosity during heating, resulting in the waterbinding ability of inulin and forming a networked gel structure.
DSC analysis showed that the inclusion of inulin increased starch gelatinization temperature and decreased ΔH in the Recipe 1 batters, whereas no significant differences were found with Stevianna addition in Recipe 1 and 2 batters. Therefore, it can be concluded that addition of inulin has significant effect on the starch gelatinization properties of muffin batters.
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